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Fugitive methane emissions from oil sands mining activities are a potentially important source of
greenhouse gas emissions for which there are signiﬁcant uncertainties and a lack of open data. This
paper investigates the potential of a control-system approach to estimating fugitive methane emissions
by analyzing releasable gas volumes in core samples extracted from undeveloped mine regions. Field
experiments were performed by leveraging routine winter drilling activities that are a component of
normal mine planning and development, and working in conjunction with an on-site drill crew using
existing equipment. Core samples were extracted from two test holes, sealed at the surface, and trans-
ported for off-site lab analysis. Despite the challenges of the on-site sample collection and the limitations
of the available drilling technology, notable quantities of residual methane (mean of 23.8 mgCH4/kg-
core-sample (þ41%/35%) or 779 mgCH4/kg-bitumen (þ69%/34%) at 95% conﬁdence) were measured
in the collected core samples. If these factors are applied to the volumes of bitumen mined in Alberta in
2015, they imply fugitive methane emissions equivalent to 2.1 MtCO2e (as correlated with bitumen
content) or 1.4 MtCO2e (as correlated with total mined material) evaluated on a 100-year time horizon.
An additional ~0.2 Mt of fugitive CO2 emissions could also be expected. Although additional measure-
ments at a larger number of locations are warranted to determine whether these emissions should be
considered as additive to, or inclusive of, current estimates based on ﬂux chamber measurements at theR. Johnson).
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M.R. Johnson et al. / Atmospheric Environment 144 (2016) 111e123112mine face, these ﬁrst-of-their-kind results demonstrate an intriguing alternate method for quantifying
fugitive emissions from oil sands mining and extraction.
© 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Between 2008 and 2015, oil sands surface mining in Alberta,
Canada increased by 45% from just over 400 Mt of mined material
(containing 47 Mt of bitumen) in 2008 to 649 Mt of mined material
(containing 75 Mt of bitumen) in 2015 (AER, n.d.). The continued
expansion in mining operations has brought increased concern for
environmental and climate issues speciﬁc to oil sands operations
when compared to traditional oil and gas extraction methods. Such
a comparison often requires comprehensive life cycle assessment to
consider the potential range of emission sources and sinks as well
as the various processes involved in the transformation of raw
material into a useable end product (Bergerson et al., 2012; Brandt,
2012; Englander et al., 2013). Unfortunately, challenges in mea-
surement and a lack of publicly available data on key sources
complicate these types of analyses.
One potentially important source of greenhouse gas emissions
from oil sands development is methane gas originating within the
mined material, which can be released to the atmosphere during
mining, transport, and preparation of the oil sands ore, and
bitumen extraction from the ore. Simpson et al. (2010) performed
airborne measurements over the Alberta oil sands mining region
and saw enhancements of up to 8% over expected background
methane levels. Other airborne (Howell et al., 2014; Liggio et al.,
2016) and satellite-based assessments (McLinden et al., 2012)
have shown signiﬁcant enhancements in NO2, SO2, and secondary
organic aerosol concentrations. Gordon et al. (2015) described an
improved method to infer facility emission rates based on airborne
measurement and used CH4 and SO2 measurements as examples.
Their method showed good agreement with industry-reported data
for SO2 emissions, though a similar comparison to industry-
reported CH4 emissions was not performed. They estimated the
CH4 emitted from the Canadian Natural Resources Limited (CNRL)
Horizon oil sands mining and upgrading facility to be 4 t/h during
the time of their ﬂights. The CNRL Horizon site includes a surface oil
sands mine, ~12 km2 tailings pond, bitumen extraction plant, on-
site bitumen upgrading facility, and associated infrastructure
(CNRL, 2016).
Currently, only one value for fugitive emissions of methane due
to oil sands mining operations can be found in the open literature.
Bergerson et al. (2012) modeled life cycle greenhouse gas emissions
of oil sands development and used a fugitive methane emissions
intensity range of 3e24 kgCO2e/m3-bitumen for surface mining
recovery and extraction. No measurement details were provided
other than to state that the “data were collected under nondisclo-
sure agreements with industry companies.” In a separate study,
Brandt (2012) used a value of ~3 gCO2e/MJ-bitumen-mined,
attributed to the 1990e2008 Environment Canada National In-
ventory Report (NIR) (Environment Canada, 2010), for the com-
bined contribution of venting, ﬂaring, and fugitive emissions
resulting from oil sands mining (i.e. not speciﬁc to methane).
Digitization of Figure. 2-12 in the NIR (Environment Canada, 2010)
yields a precise value of 4.1 gCO2e/MJ, of which 1.4 gCO2e/MJ comes
from “fugitives”. Unfortunately, more recent NIR do not segregate
fugitive emissions originating from mined and in situ oil sands
production.
Though not published in the open literature, at least oneadditional data source is available. While the originating study
(Clearstone Engineering Ltd., 1997) prepared for Syncrude Ltd. by
Clearstone Engineering, Ltd., of Calgary, Alberta in 1997 is pro-
prietary (and not available to the authors for use in the present
analysis), its results have been summarized and reported elsewhere
(Golder Associates Ltd. and Conor Paciﬁc Environmental Inc., 1998;
WorleyParsons, 2009). Measurements of methane emissions from
the mine surface were performed using the Isolation Flux Chamber
(IFC) method (Conen and Smith, 1998; Klenbusch, 1986), wherein
an open-bottom enclosure is placed on the surface where a gas ﬂux
is to be measured. Puriﬁed air is then ﬂowed through the enclosure
at a known rate, allowing the ﬂux of various gaseous species from
the enclosed surface to be determined via measurement of species
concentrations in the air leaving the chamber.
The study performed for Syncrude included measurements for
three Syncrudemines (the North mine, theWest Base Mine and the
East Base mine). Average methane ﬂux values for the month of July
were 2274 kgCH4/km2/day with a standard deviation of 33%.
Measurements were only made for the month of July, though the
published reports (Golder Associates Ltd. and Conor Paciﬁc
Environmental Inc., 1998; WorleyParsons, 2009) noted use of a
“mass transfer model” to estimate year-round emissions based on
average ambient temperatures and windspeeds. Compared to July,
emissions were estimated to be 35% lower in the colder winter
months and 60% greater during the windier months of May and
September. The year-round mean was estimated to be within 5% of
the July value of 2274 kgCH4/km2/day.
Emissions from oil sands mining are also estimated in the
GHGenius model for lifecycle assessment of transportation fuels
(Natural Resources Canada, 2016). Documentation for this model
((S&T)2 Consultants Inc., 2013) states that “Suncor and Syncrude
did some monitoring of these emissions in the late 1990s,” perhaps
referring to the Clearstone study, while noting that these mine-face
emissions data are not separately reported. Instead, the GHGenius
model bases its mine-face methane emissions on “estimates …
from environmental assessments made prior to the start of min-
ing.” The documentation tabulates values inferred from three such
assessments (i.e., 360 L/t of bitumen for the Imperial Oil Kearl site
and 480 L/t of bitumen for the Total Joslyn and the Shell Jackpine
Expansion sites), and then states that the GHGenius model uses a
mine-face methane emissions value of 480 L/t of bitumen without
further discussion ((S&T)2 Consultants Inc., 2013).
Since the 1997 Clearstone study, no direct measurements of
methane fugitive emissions from oil sands mine faces have been
found or referenced, although it is understood that on-site mea-
surements are regularly conducted. Since 2014 on-site measure-
ments have been required as described in a Government of Alberta
Ministry of Environment and Sustainable Resource Development
directive (ESRD, 2014) issued under their Climate Change Policy
Program. The directive provides “a standard minimum procedure
for ﬂux chamber measurements to quantify area fugitive green-
house gas emissions frommine faces and tailings ponds at oil sands
mines.” The directive requires all oil sands mining facilities that are
regulated under the Speciﬁed Gas Emitters Regulation and Speci-
ﬁed Gas Reporting Regulation to quantify area fugitive emissions
including carbon dioxide and methane. The requirements of the
directive were to be implemented in 2014 with initial compliance
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components of these data will ultimately become public.
Multiple Environment Canada National Inventory Reports
reference a conﬁdential 2006 report prepared by Clearstone Engi-
neering Ltd., for the Canadian Association of Petroleum Producers,
which in turn is mostly based on the 1997 Clearstone study. While
it is unclear what method or data the “industry companies” refer-
enced by Bergerson et al. (2012) used to estimate their emissions
intensities, it is expected that the 1997 Clearstone ﬂux chamber
measurements play a role. A new source of publically disseminated
primary measurements of methane fugitives from oil sands mine
faces seems long overdue.
Unfortunately, estimation of total mine-face fugitive emissions
using the isolation ﬂux chamber technique is inherently problem-
atic. By design, the IFC method measures the local, instantaneous
emissions ﬂux of the enclosed surface. Referring to Fig. 1, a basic
schematic of the bitumen mining and extraction process, the IFC
method is typically employed at the mine face during active mining
as indicated in part (3b). Interpretation of local, instantaneous IFC
data to determine time-averaged emission rates from a large area
source thus requires statistically representative and appropriately
weighted measurements over the full range of emitting surfaces
(e.g. recently disturbed and agedmine faces, dump piles, windrows,
rejects, pit ﬂoors, bench tops, etc.) as well as additional measure-
ments or appropriate models to account for seasonal variations in
emission rates. Furthermore, any fugitive emissions during removal
of overburden, or in particular, at subsequent steps in bitumen
extraction (i.e. emissions during digging by the excavator, truck
loading and transport, and unloading into feeders) and processing
(steps (4) through (7) in Fig. 1, i.e. emissions during various phases
of bitumen extraction including crushing, hydrotransport, and
processing) would not be captured and would need to be estimated
by other means.
The purpose of the current work is to examine the feasibility of
an alternate method for determining emission factors for oil sands
fugitive emissions. The amount of gas released as fugitive emissions
during oil sands mining, transport, and processing might logically
be determined by ﬁrst measuring how much gas is present in situ
and subtracting the amount of gas remaining after processing. This
measurement approach would negate the requirement to measure
emissions at each stage from mining to hydrotransport.2. Methodology
This paper discusses an attempt to estimate methane emissionsFig. 1. Schematic showing the general process of oil sands mining and initial separation. (1)
as part of routine winter drilling to map the bitumen resource; (3) ground cleared and o
surements are made on the mine face over a mix of new and old mine regions but are not
material to the crusher feeding into (5) slurry preparation, (6) initial froth separation, (7) cpotential from analysis of core samples extracted in conjunction
with routine winter drilling operations of the Shell Albian Sands
mining operation north of Fort McMurray, Alberta, Canada. As part
of normal planning and operations, each winter, mine operators
drill regularly spaced test holes on an approximately 200 m by
200 m grid, and extract samples in 1.5 m depth increments to
evaluate sub-surface bitumen content. Holes are generally drilled
to the bottom of the deposit (usually demarcated by limestone and
conﬁrmed with a simple acid/bubble ﬁeld test on the end of the
ﬁnal extracted core), at typical depths of ~60e100m, to amaximum
of ~140 m. This test drilling is generally conducted one or more
years prior to the initiation of mining activities in a region to
generate 3-D resource maps. During the subsequent production
phase of the mining operation, shovels and trucks can then be
coordinated and directed to different sections of the mine to ensure
that the mix of materials entering the feeder at the start of the
slurry preparation and hydrotransport processes maintains a
consistent range of bitumen content. A key restriction of the pre-
sent effort was that on-site research and sample collection activ-
ities had to be performed using existing on-site drilling equipment
and crews, and all ﬁeld activities had to be completedwithin a tight
schedule so as not to interfere with the regularly scheduled activ-
ities. As such, ﬁeld work was designed to piggyback on the ongoing
winter drilling program.2.1. Drilling and core sample collection
A team of four researchers was permitted to accompany a dril-
ling crew operating in shifts on a 24 h/day winter drilling schedule
during February 2011. As further described below, core samples
were collected from two drilled holes and sealed into PVC tubes for
subsequent off-site analysis of residual methane content. The pro-
fessional drill crewwas responsible for operation of the drill rig and
retrieval of the cores at the surface. Researchers then took
possession of the cores and attached specially designed end caps
with pre-installed ball valves to seal the ends of the PVC core tubes.
Though other methods such as pressure-core drilling would have
provided a means of acquiring sealed cores in situ, this was not
possible within the on-site constraints. Instead, parallel measure-
ments were made during the drilling and core extraction process to
estimate amounts of gas that could have been lost into the drilling
mud or from the core tubes prior to installation of the sealed end
caps.
Potential sites for possible drilling were ﬁrst identiﬁed in
consultation with drilling coordinators and on-site geologists atA newmine region is identiﬁed; (2) ground is partially cleared for access by drilling rigs
verburden removed so active mining can proceed. Isolation ﬂux chamber (IFC) mea-
possible in the immediate vicinity of active equipment; (4) trucks deliver raw mined
entrifugal separation, and hydrotransport for upgrading and reﬁning.
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geologists and review of well-log and wireline data for previously
drilled adjacent test holes, and taking into consideration core re-
covery potential, reservoir structure, geographic location, and
accessibility, two sites were eventually chosen. These sites were
located in different zones of planned future mining in areas with
ore grades that were nominally different but were both considered
“typical” of the area by staff geologists. The site locations are shown
in Fig. 2 overlaid on the available satellite image data for the region,
which is dated September 22, 2010. The image highlights the fact
that the test holes were drilled in areas slated for future develop-
ment, but where mining activities had not yet been initiated.
Fig. 3a and b shows photos of the mud-rotary drilling rig used to
extract 3 m long core samples into 73 mm (2.87500) inner diameter
PVC plastic tubing. Typically, these 3 m core samples are cut into
two 1.5 m lengths and separately analyzed for bitumen content; in
the present work the extracted 3 m sections were kept intact and
sealed for off-site analysis as further discussed below. The drilling
was conducted using a drill rig and crew from Cross Borders
Consulting Ltd. who were subcontracted to Shell Albian Sands. In
mud-rotary drilling, an open-tipped rotary drill bit is attached to a
rotating hollow drill pipe, which contains an inner non-rotating
drill tube that houses a PVC sample tube. During drilling, mud is
continually circulated from a tank located on the surface through
the drill pipe to the drill bit (where it mixes with cuttings and solid
contaminants) and back to the surface. Before the mud is recircu-
lated back down the hole, solid contaminants and cuttings are
separated in a mud tank and any gasses that might be transported
back with the drilling mud are separated and ideally exhausted
through a degasser vent line (shown in the foreground of Fig. 2b).
As brieﬂy discussed below, separate simultaneous measurements
of the ﬂow through this line were attempted using an ultrasonic
ﬂowmeter in conjunction with real-time and extractive gas
composition measurements.
Fig. 3ceh illustrate the core sample extraction procedures.
Drilling occurred in stages, with each stage generating a single core
sample. After each drilling stage, the drill was stopped and the non-
rotating drill tube was hoisted within the drill pipe to the surface
and brought over to the lay down rack (Fig. 3c). The average feed
rate during a drilling stage was 2.9 m/min, though this varied
depending on the material encountered to a maximum feed rate of
7.0 m/min and a minimum of 1.1 m/min. While the drill teammadeFig. 2. Satellite image indicating core sa special effort to obtain full 3 m long core sections during each
drilling stage, shorter lengths were sometimes drilled at the
discretion of the operator based on the response of the drill rig and
his sense of the downhole progression of the drill bit. This was
especially true when drilling near the surface where unfavorable
soil conditions (e.g. rocks) weremore frequently encountered. Once
the drill tube was secured to the lay down rack, the “core catcher”
ﬁtting on the bottom of the drill tube was unthreaded (Fig. 3d) and
the PVC sample tube was removed (Fig. 3e). While the core catcher
ﬁtting is necessary to prevent the sample core from falling out of
the tube while being hoisted out of the hole, the mechanism also
generally prevented clean removal of the PVC sample tube from the
drill tube. For each collected core tube, a small (~300 to 900 long)
section of core material typically remained in the core catcher
ﬁtting and had to be manually removed (Fig. 3f) and inserted back
into the PVC sample tube (Fig. 3g). The drill rig “core shack” had a
post adjacent to the lay down rack speciﬁcally intended to assist in
pushing any remaining solid core material from the core catcher
(Fig. 3f). The PVC core tubes were sealed as soon as possible after
the cores were extracted using specially designed end caps with
pre-installed ball valves (Fig. 3h). A total of 34 core samples were
obtained from the ﬁrst hole (CR0503) to a ﬁnal depth of 94 m and
30 core samples were obtained from the second hole (CR0504) to a
ﬁnal depth of 78 m.2.2. Ancillary ﬁeld measurements and lost gas estimation
Field measurements were made to enable estimation of the
amount of gas lost during the time it took to retrieve each core and
install sealed end caps. In this manner, the total in situ gas content
could be quantiﬁed as the sum of the mass of gas lost during core
retrieval and the residual mass measured in the lab. The time from
the cessation of each drilling stage to the sealing of the second end
cap onto the extracted sample tube was recorded for each core, as
summarized in Table S.1 of the supplemental material. The average
time to raise a core tube from the bottom of the hole to the drill
ﬂoor was 1 min 13 s, and the average time between arrival at the
surface and installation of the sealed end caps was 3 min 59 s. As
shown in Fig. 4a, samples were initially connected to positive
displacement gas meters with the intent of measuring gas
desorption rates at timed intervals. The lost gas volume could then
be calculated by ﬁtting the data and projecting back to the startample extraction drilling locations.
Fig. 3. (a) View of the drilling rig used for core sampling; (b) view of the drill rig with mud degasser vent line visible in foreground; (c) drill tube containing core sample hoisted
toward lay down rack; (d) tube secured to lay down rack and “core catcher” ﬁtting being unthreaded; (e) sample tube being removed from drill tube; (f) core material (in left hand)
being pushed out from core catcher (right hand); (g) core end from catcher loaded back into sample tube; (h) end caps glued on to cleaned tube ends to seal sample tube.
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(McCulloch et al., 1975). However, during ﬁeld measurements it
quickly became clear that gas desorption rates were unmeasurably
small. For shorter length samples that did not fully ﬁll the core tube
volume, measured gas ﬂow rates were negative, attributed to a
slight vacuum induced by the ~20 C decrease in temperature be-
tween the core shack where the core tubes were capped and the
exterior environment where desorption measurements were
attempted. Among the fully ﬁlled core samples, all but three sam-
ples showed no measurable ﬂow (the minimum resolution of theavailable meters was 0.01 L or 0.028 L) and none exhibited sus-
tained ﬂow sufﬁcient to reliably estimate desorbed volumes. For
the three samples that did show some initial gas displacement near
the resolution limit of the meters, the lack of sustained ﬂow sug-
gested that the apparent gas release was more likely from a slight
pressurization of these cores during the installation of the sealed
caps. Moreover, therewas nomeasurable pressure buildup in any of
the core samples during the period in which they were transported
and stored, prior to being analyzed for residual gas content. Finally,
as shown in Fig. S.1 of the supplementary information, there was no
Fig. 4. (a) Photo of in-ﬁeld apparatus for measuring (lack of) gas desorption; (b) photo of ultrasonic ﬂowmeter system connected to mud degasser vent line; (c) photo of leaking drill
mud below drill ﬂoor to illustrate potential alternate paths for gas release other than through the mud degasser line.
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seal the core samples and the measured residual methane content
within the samples (as further detailed below). These results sug-
gest that gas desorption volumeswere either negligibly small or the
desorption rates were high enough that any gas volume beyond
that trapped within the core material was released in the ~5 min
total average time interval to collect each sample. Both of these
bounding scenarios are considered in the discussion.
During sample collection, parallel measurements were also
made to explore the feasibility of estimating in situ methane con-
tent by monitoring the ﬂow through the mud degasser vent line
during drilling. As shown in Fig. 4b, a GE Model PT878GC Gas Ul-
trasonic Flowmeter was installed on a short length of pipe and
directly connected to the mud degasser line. A Bascom Turner Gas
Sentry CGI 211 handheld gas meter was used to simultaneously
measure the natural gas concentration in the line. Periodic
extractive samples were also collected for off-site analysis. A NIST
certiﬁed K-type thermocouple was used to measure the gas tem-
perature. The ﬂow in the line was generally erratic with quite low
velocity, and also bi-directional (ﬂowing both in and out of the line
at different times). No correlation was observed between ﬂow in
the line and drilling events. Moreover, analyses of samples collected
from the vent line revealed very large amounts of atmospheric air
(T95%). While it was originally hoped that the mud circulation
system might be sufﬁciently well-sealed such that degasser vent
line measurements would provide an alternate means to estimate
in situ gas content, this was not the case for the available drill rig. As
seen in Fig. 4c, leaking drilling mud was observed beneath the drill
ﬂoor where it would have been free to release any gas carried up
from the formation, while potentially allowing entrainment of
ambient air back to the mud tank. However, given the rate and
recurrence of winter drilling with these types of rigs as part of
normal planning and operations of the mine, it would be useful to
investigate the feasibility of improving gas containment on mud
circulation systems to enable similar types of mud degasser line
measurements in the future alongside routine drilling activities.
Once proven via comparison to, e.g., extractive core sampling, muddegasser line measurements could be a simple, cost-effective way
to estimate trapped methane content of oil sands material.2.3. Laboratory analysis to determine residual gas content
Laboratory experiments to determine themass of residual gas in
each core sample were conducted at Natural Resources Canada
CanmetENERGY facility in Devon, Alberta, led by Dr. Darcy Hager.
The results presented here have been derived from raw time-trace
data and log notes from each experimental run. Measurements of
residual gas contentweremade using a closed-loop analysis system
shown schematically in Fig. 5. The core sample being analyzed was
slowly heated up to ~60e80 C (representative of oil sands process
temperatures during hot water extraction (Speight, 2013)), while
ﬂowing nitrogen through the closed loop system that included the
core sample tube, a water drain, a ﬁxed volume gas ballast, a pump,
and a mass spectrometer. The PVC core sample tube was wrapped
with sheet metal to promote circumferential heat transfer, and
silicone heating ﬂuid was ﬂowed through copper tubing contacting
the sheet metal and running the length of the core tube. The core
and copper tubing was wrapped in an insulating blanket during
experiments. Temperature and pressure measurements were made
atmultiple locationswithin the closed loop system aswell as on the
exterior surface of the sheet metal.
A continuous sample of gas was obtained through a heated
fused silica capillary and monitored using a mass spectrometer
(EcoSys-P, European Spectroscopy Systems, Cheshire, UK). The
mass spectrometer provided measurements of O2, N2, CO2, Ar, Kr,
He, and CH4 at an acquisition rate of approximately 0.5 Hz. Known
volumes of helium and krypton at ambient temperature and
pressure were injected into the measurement system using sy-
ringes. The number of moles of each injected tracer gas (ntr) was
calculated using the ideal gas law.
Following an initial transient stage, the concentration of tracer
gas in the closed loop system reached equilibrium. It was then
possible to deﬁne a scaling factor that related the instantaneous
mass of a particular gas species in the system to the tracer gas
Fig. 5. Schematic of the residual gas measurement system.
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mi tð Þ ¼
Ci tð Þ
Ctr tð Þ
ntr
1 Ctrð0ÞCtrð0þÞ
Mi (1)
where mi is the mass of species i, Ci and Ctr are the measured
concentrations of species i and the tracer gas respectively, ntr is the
number of moles of tracer gas that were injected, Mi is the mo-
lecular mass of species i, and time 0 and 0þ refer to the equilibrium
tracer gas concentrations before and after tracer injection. Final
results presented below were derived based solely on the helium
tracer gas measurements since several runs revealed a non-
physical upward drift in the observed krypton concentration dur-
ing the core measurements. The drift was ultimately attributed to
interferences from one or more desorbed gas species with similar
mass-to-charge ratios to krypton (e.g. hexane) that were not
separately identiﬁable within the resolution limits of the mass
spectrometer. The analysis methodology summarized in Eq. (1) has
the distinct advantage of being unaffected by changes to the local
temperature and pressurewithin the closed loop system or by leaks
of ambient air into the measurement system. However, in a speciﬁc
case where a leak out of the closed loop system was subsequently
followed by the release of gas species from the solid core into the
gaseous stream, this approach would lead to an overestimate of gas
species mass.
Table S.2 of the supplementary material provides details for the
collected core sampled from the two drilled holes. Bitumen content
was assayed using a Dean-Stark soxhlet extraction method on a
subset of cores with full sample tubes (a 20 kg) and found to vary
from less than 0.1% to nearly 15%. As documented in the table, not
all of the 64 sample cores yielded usable measurements of residual
gas volumes. Gas content measurements were only completed in
27 cores, with the remainder being rejected for four primary rea-
sons: i) the samples were underweight (e.g. drilling wasinterrupted by the operator or core material was left behind during
drill tube retrieval such that the sample tubes were not full) and
were not sealed in the ﬁeld (N ¼ 16), ii) a desired ﬁnal skin tem-
perature of 75 C or core temperature of 60 C was not reached
(N ¼ 4), iii) the samples had suspected leaks which became
apparent during testing (e.g. via observed bubbles at the end cap or
via increasing O2 and N2 concentrations) (N ¼ 5), or iv) the ﬁnal
tracer concentration was too low (<200 ppm) leading to unac-
ceptably low signal to noise ratios (N ¼ 9). Twomore samples were
rejected due to unexpected shutdown of the mass spectrometer
during testing, while problems during another run resulted in a
lack of key tracer gas data before and after tracer gas injection.
Due to the need for sample rejection, a closer examination of the
potential effects of rejection is warranted. First, the largest subset of
excluded samples (N ¼ 16) were rejected during drilling in the ﬁeld
for being underweight and there is no anticipated bias in the
occurrence of these underweight cores. Examination of two cases
where results are available both above and below a rejected sample
supports this, where above-averagemethane content was observed
in one case and below-average methane content in the other. The
fact that the rejected samples were underweight would also
diminish any effect of bias on the mass-weighted (bulk) averages
presented in the current work. Furthermore, the other reasons for
core sample rejection all resulted from issues during laboratory
testing that are similarly not expected to introduce bias into the
results. Second, as discussed previously in reference to
Supplementary Fig. S.1, no correlation was found between the time
required to extract a core tube and seal the end caps and the re-
sidual methane content. Similarly, there was no correlation be-
tween the depth at which the core originated and the measured
methane content. Thus even if the rejection of core tubes inad-
vertently favored core tubes from particularly shallow or deep
cores, no bias is expected in the residual methanemeasurements as
a result. Finally, as further discussed below, a bootstrapping sta-
tistical analysis speciﬁcally considering the limits of sample size
was completed to compute 95% conﬁdence intervals on the mean
emission factors derived from the available samples.
3. Results
Fig. 6 shows example plots of the measured temperature,
pressure, tracer gas concentration, and the calculated mass of CH4,
CO2, O2, and Ar for core sample H504R21. Fig. 6a shows the
measured temperature on the exterior surface of the core (between
the sheet metal and the PVC sample tube). Temperatures within the
core material were only available in a limited number of cases due
to the difﬁculty of pushing a thermocouple probe into the initially
frozen core material. Fig. 6b indicates the gauge pressure at both
the inlet and outlet of the PVC sample tube. Fig. 6e shows raw time-
varying concentration traces of the injected tracer species. Fig. 6c
and d shows the calculatedmass of CO2, CH4, O2, and Ar on linear (c)
and logarithmic (d) scales. In Fig. 6d, numerical values at the end of
the test run are labelled in units of grams of gas. Similar ﬁgures for
all core samples that produced useful results are included as online
supplementary material to this paper.
The rejection of data points deemed to be questionable and the
limited number of samples that were analyzed for bitumen content
yields four potential sets of data: i) all core samples for which
calculations are possible including those deemed questionable
(N ¼ 46), ii) all core samples that remain after rejecting those
judged to be questionable for the reasons speciﬁed above (N ¼ 27),
iii) all core samples for which calculations are possible and for
which bitumen data are available including those deemed ques-
tionable (N ¼ 15), and iv) all core samples that remain after
rejecting those judged questionable for the reasons speciﬁed above
Fig. 6. Plots of (a) measured core and surface temperature, (b) pressure upstream and downstream of the core sample, (c) linear and (d) log scale plots of the mass of gases present
in the core, and (e) the measured concentration of tracer gases.
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the speciﬁc methane content for these four data sets are shown in
Fig. 7. Note that the methane masses presented in Fig. 7a and b are
normalized by the core sample mass, while the methane masses in
Fig. 7c and d are normalized by the mass of bitumen in the core
sample.
Fig. 7 shows the bulk mean (mbulk) emission factor for all four
cases (a)e(d), deﬁned as the sum of the mass of methane measured
in all cores divided by the sum of the appropriate mass of material
(total core material in (a)e(b) and bitumen in (c)e(d)). Fig. 7b and
d also show the estimated probability distribution of the bulk mean
as determined using a nested bootstrap-t approach, as described in
Efron and Tibshirani (1993). The 2.5th and 97.5th percentiles of
these distributions represent the endpoints of the 95% conﬁdenceinterval on the computed mean emission factors, considering the
size and variability of the available sample sets. Importantly, the
selected method did not require the population distribution to be
normal or symmetric, making it better suited than Student's-t
approach for small samples where the form of the distribution is
unknown. B0 ¼ 105 independent primary bootstrap sample sets
were generated to calculate the distribution of bulkmeans. For each
of the B0 ¼ 105 primary sample sets, an additional B1 ¼ 250 sec-
ondary independent bootstrap sample sets were generated and
used to calculate the standard error of each of the primary sample
sets, for a total of B ¼ 2.5  107 samples generated in total. A
convergence study using values for B0 and B1 that were increased
and decreased by an order of magnitude did not signiﬁcantly
change the results. Bootstrap-t conﬁdence intervals were then
Fig. 7. Histograms of speciﬁc methane content found in recovered core samples. Bulk averages are shown as vertical, solid blue lines. For the ﬁltered data, panels (b) and (d), dashed
line distributions show the results of the bootstrapping statistical analysis used to compute 95% conﬁdence intervals (CI) on the derived mean emission factors as speciﬁed on each
ﬁgure panel. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
M.R. Johnson et al. / Atmospheric Environment 144 (2016) 111e123 119constructed based on the bulk mean of the original sample set
(mBulk), the bootstrap-t conﬁdence interval limits (tboot;a=2 and
tboot;ð1a=2Þ), and the standard error of the original sample sets
( bse*estimated as the mean of the standard error of the B0 ¼ 105
primary samples).
Considering only the results obtained after careful rejection of
problematic samples, the residual methane content is 23.8 mgCH4/
kg-core-mass (þ9.7/8.3) or 779 mgCH4/kg-bitumen (þ541/
266). The difference between these two ranges is a function of the
units used, and is directly related to the amount of bitumen present
in the core samples. Although the 95% conﬁdence intervals on the
methane emission factor per mass of disturbed material (35%
to þ41%) are tighter than for the factor expressed per mass of
bitumen (34% to þ69%), the latter is simpler to apply in current
inventories as further discussed below. The reader is cautioned that
the data presented in this paper are derived for drilled holes within
a single mine region, and the gas content of the raw ore could be
expected to vary among mines. The use of an emissions factor
normalized by bitumen mass implicitly assumes that the preva-
lence of methane is a function of bitumen content. As shown in
Fig. 8, the available data suggest there is only a weak correlation
between residual methane mass and bitumen mass in the core
samples. Similar ﬁgures in the supplementary information (S.30
and S.31) based on the measured CO2 masses provide a bulk (mass-
weighted) mean emission factor of 120 mgCO2/kg-core (þ80/39)
and indicate that there is no correlation (r2 ~ 0.06) between
measured CO2 and bitumen mass.4. Discussion
Whether methane emissions are assumed to be a function of
total disturbed material or a function of bitumen content leads to
different methods of comparison between the current data and
existing estimates of fugitive methane emissions from mine sur-
faces. The Alberta Energy Regulator collects and publishes the
grade and quantity of mined material under Statistical Report 39
(ST39): Alberta mineable oil sands plant statistics (AER, n.d.). The
sum of mined material and the average mined grade for all pro-
ducers listed in ST39 between 2008 and 2015 are shown in the ﬁrst
three rows of Table 1. If methane content is assumed to be a
function of bitumen content, then the bitumen speciﬁc methane
content measured in the current work can be multiplied by annual
bitumen production data to produce estimates of annual fugitive
methane emissions and equivalent greenhouse gas (GHG) emis-
sions as shown in the rows labelled f(bitumen) within Table 1.
If themethane content is instead assumed to be a function of the
mass of disturbed material, it becomes necessary to estimate the
total mass of material disturbed during the mining process. It is
possible to estimate non-mined overburden as the amount of extra
material required to decrease the mined grade reported in ST39
(AER, n.d.) to the average grade of the 26 core samples (4.7%) for
which bitumen content measurements were performed. The esti-
mated total mass of disturbed material can then be used with the
core-mass speciﬁc methane emission factor to estimate fugitive
methane emissions from mined materials. Results of these
Fig. 8. If (a) all data points are considered, there is no correlation between bitumen mass and methane mass. Once (b) the data ﬁltering summarized in Tables 1 and 2 is performed,
there is a weak (R2 ¼ 0.55) correlation between bitumen mass and methane mass.
Table 1
Estimated mine-face CH4 fugitive emissions.
Description Gas release
assumption
2008 2009 2010 2011 2012 2013 2014 2015
Mined Material [Mt]a 407 468 494 520 540 580 587 649
Mined Grade [%]b 11.6 11.5 11.2 11.2 11.2 11.1 11.4 11.5
Mined Bitumen [Mt]c 47 54 55 58 60 64 67 75
Estimated Non-mined Interburden and Overburden
[Mt]d
595 674 680 715 743 786 833 934
Estimated Total Disturbed Material [Mt]e 1002 1142 1174 1235 1283 1366 1420 1583
Estimated fugitive CH4 [kt] f (bitumen)f 37
(24.3
e62.4)
42
(27.7
e71.1)
43
(28.4
e73.1)
45
(29.9
e76.9)
47
(31.1
e79.9)
50
(33.1
e85.0)
52
(34.4
e88.4)
58
(38.4
e98.6)
f (material)g 24
(15.7
e33.8)
27
(17.9
e38.5)
28
(18.4
e39.6)
30
(19.4
e41.6)
31
(20.1
e43.2)
33
(21.4
e46.0)
34
(22.3
e47.8)
38
(24.9
e53.4)
Estimated fugitive CH4 [MtCO2e] ðGWPCH4 ¼ 25Þh f (bitumen)f 0.92
(0.6e1.6)
1.05
(0.7e1.8)
1.08
(0.7e1.8)
1.13
(0.7e1.9)
1.18
(0.8e2.0)
1.25
(0.8e2.1)
1.30
(0.9e2.2)
1.45
(1.0e2.5)
f (material)g 0.60
(0.39
e0.84)
0.69
(0.45
e0.96)
0.70
(0.46
e0.99)
0.74
(0.48
e1.04)
0.77
(0.50
e1.08)
0.82
(0.54
e1.15)
0.85
(0.56
e1.20)
0.95
(0.62
e1.33)
Estimated fugitive CH4
[MtCO2e] ðGWPCH4 ¼ 36Þi
f (bitumen)f 1.3
(0.9e2.2)
1.5
(1.0e2.6)
1.6
(1.0e2.6)
1.6
(1.1e2.8)
1.7
(1.1e2.9)
1.8
(1.2e3.1)
1.9
(1.2e3.2)
2.1
(1.4e3.5)
f (material)g 0.9
(0.57
e1.22)
1.0
(0.65
e1.39)
1.0
(0.66
e1.42)
1.1
(0.70
e1.50)
1.1
(0.73
e1.56)
1.2
(0.77
e1.66)
1.2
(0.80
e1.72)
1.4
(0.89
e1.92)
Estimated fugitive CO2 [Mt] f (material)j 37
(24.3
e62.4)
42
(27.7
e71.1)
43
(28.4
e73.1)
45
(29.9
e76.9)
47
(31.1
e79.9)
50
(33.1
e85.0)
52
(34.4
e88.4)
58
(38.4
e98.6)
a Calculated as the sum of reported mine material from all producers reporting under ST39 (AER, n.d.).
b The average mined grade for all producers is calculated as the total amount of bitumen mined by all producers (see note c) divided by the total amount of material mined
by all producers (see note a).
c First calculated for each producer reporting under ST39 (AER, n.d.) as the product of the reportedmined material and the reportedmined grade, and then summed over all
producers to produce a total.
d Amount of extra material required to decrease the mined grade described by note b to the mean grade measured during the current research (where Mined Bitumen /
(Mined Material + Non-mined Interburden and Overburden) ¼ 4.7%).
e Using the bulk (mass-weighted) mean bitumen fraction of 4.7% (47.1 g-bitumen/kg-core-material) calculated using the N ¼ 26 core samples for which bitumen content
was measured (see Table S.2).
f Using the bulk (mass-weighted) mean emission factor of 779 mgCH4/kg bitumen based on N ¼ 10 ﬁltered data points for which bitumen and residual gas concentration
measurements are available, see Fig. 7(d). Values shown in brackets are the 95% conﬁdence intervals computed via bootstrapping analysis.
g Using the bulk mean emission factor of 23.8 mgCH4/kg disturbed material based on N ¼ 27 ﬁltered data points, see Fig. 7(b).
h Using a 100-year time horizon global warming potential (GWP) value for methane of 25 (IPCC, 2007).
i Using a 100-year time horizon GWP value for fossil methane of 36 (Myhre et al., 2013).
j Using the bulk (mass-weighted) mean emission factor of 120 mgCO2/kg-core based on N ¼ 27 ﬁltered data points, see Figure S.30(b).
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f(material).
Finally, Table 1 also includes data for total CO2 emissions using
the emissions factor of 120 mgCO2/kg-core derived in the currentwork and shown in Figure S.30(b). Since no correlation was found
between CO2 and bitumen content, only results expressed as a
function of disturbed material are shown. These “f(material)” re-
sults indicate that the CO2 emissions are an order of magnitude less
Table 2
Comparison of fugitive methane emissions factors associated with oil sands operations.
Source Value as reported Value
 kg CO2eq
m3­bitumen

Current work GWPCH4 ¼ 25a GWPCH4 ¼ 36b
Current work assuming CH4 emissions are a function of disturbed material, f(material) 23.8 mgCH4/kg disturbed materiald 12.5
(8.1e17.6)f,g
18.0
(11.7e25.3)f,g
Current work assuming CH4 emission are a function of mined bitumen, f(bitumen) 779 mgCH4/kg bitumene 19.3
(12.7e32.7)g
27.8
(18.3e47.0)g
Available mine-face fugitive methane estimates
Bergerson et al. (2012) 3e24 kgCO2e/m3 bitumen 3e24 n/a
WorleyParsons (2009) 70 kt CH4 in 2006 36h 52h
GHGenius (v.4.03) 480 L/t bitumen 8.5g 12.2g
Available aggregate estimates that include fugitive methane emissions GWPCH4 ¼ 21c
1990-2008 National Inventory Report (Environment Canada, 2010)
(All fugitive species from oil sands mining, extraction and upgrading)
1.4 gCO2e/MJi 58j
Brandt (2012) (all venting, ﬂaring, and fugitive species emissions) 3 gCO2e/MJ 124j,k
a Using a 100-year time horizon global warming potential (GWP) value for methane of 25 (IPCC, 2007).
b Using a 100-year time horizon GWP value for methane of 36 (Myhre et al., 2013).
c These values are only available based on a 100-year time horizon GWP value for methane of 21 since they originate with data sets containing multiple species with
different GWP values. From the data available in the source documents, it is impossible to adjust the values to different methane GWP values.
d This is the bulk mean of N ¼ 27 ﬁltered data points, see Fig. 7(b).
e This is the bulk mean of N ¼ 10 ﬁltered data points for which bitumen data and residual gas concentration data are available. See Fig. 7(d).
f Calculated using the bulk mean bitumen fraction of 47.1 g-bitumen/kg-core-material calculated using the N ¼ 26 core samples for which bitumen content was measured.
(See Table S.2).
g Using a bitumen density (CAPP, 2012) of 990 kg/m3. Values shown in brackets are 95% conﬁdence intervals determined via bootstrapping analysis.
h Calculated as the total CH4 emissions in Alberta due to mine-face fugitives in 2006 as reported byWorleyParsons (2009) divided by total mass of bitumenmined in Alberta
for 2006 (AER, n.d.) (47,997,893 tonnes) and using the bitumen density referenced in footnote g.
i Based on digitization of Figure 2-12 in the National Inventory Report (Environment Canada, 2010). CO2 equivalency in the National Inventory Report (Environment
Canada, 2010) is calculated using a 100-year time horizon CH4 GWP of 21. The lack of a breakdown by fugitive species in the report prevents re-calculation based on
GWP values of 25 or 36.
j Calculated using a higher heating value for bitumen of 41.4 MJ/kg. (Pasternack and Clark, 1951)
k Brandt (2012) does not specify the GWP value used in his calculations but the relevant source data is attributed to the National Inventory Report (Environment Canada,
2010), which uses a 100-year time horizon CH4 GWP of 21.
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With the limited data available from this study, it is estimated
that the fugitive methane emissions from bitumen mining in
Alberta in 2015 were on the order of 38e58 kt of CH4, or on the
order of 1.4e2.1 MtCO2e. For comparison, the report by
WorleyParsons (2009) estimated mine-face fugitive methane
emissions in 2006 of 70 kt using isolation ﬂux chamber measure-
ments and mine-face areas obtained from industry companies.
Comparison to other literature sources requires assumptions as to
the properties of bitumen. Assuming an approximate bitumen
density of 990 kg/m3 (CAPP, 2012), and a higher heating value of
41.4 MJ/kg (Pasternack and Clark, 1951), Table 2 compares results
from the current work (both with and without the assumption that
methane and bitumen are correlated) and available results from the
open literature in terms of kgCO2e per m3 of bitumen. The present
results are in the middle of the range estimated by Bergerson et al.
(2012) and ~50%e130% higher than the values used in the GHGe-
nius lifecycle emissions model ((S&T)2 Consultants Inc., 2013).
Since the emission factors from the NIR (Environment Canada,
2010) and the Brandt (2012) interpretation of the NIR data pre-
sented in Table 2 are not speciﬁc to methane, and in the case of
Brandt (2012) speciﬁcally include additional emissions from ﬂaring
and venting, it is reassuring to see that their estimated total
emissions intensities are larger than those derived in the present
work for fugitive methane only.4.1. Implications
A careful interpretation and application of the results in Table 2
must consider the nature of the CH4 beingmeasured. The IFC-based
emission factors reported by WorleyParsons (2009) were derived
from measurements at mine faces, and as such would not be ex-
pected to account for intermittent, large CH4 emissions that may
occur during active mining operations, or fugitive emissions thatoccur during subsequent loading, transport, unloading, and
upgrading. While nothing is known for certain about the results of
Bergerson et al. (2012) since they are based on private communi-
cations with industry companies, it seems likely that they employ
the same types of mine-face emissions measurements that were
performed by Clearstone Engineering in 1997 and used in the
WorleyParsons (2009) report. The values presented in Table 2 based
on the work of Bergerson et al. (2012) and WorleyParsons (2009)
presumably represent only fugitive CH4 that escaped the perme-
able surface of the mine face once the overburden and layers of
mined material were removed.
This is in contrast with the current work, which attempted to
measure the total releasable CH4 content of a given volume of oil
sands material. While the method of drilling allowed for gas to be
lost both to the drilling mud and via the core ends (during the time
it took to recover and handle the core and seal the tube ends at the
surface), noteworthy amounts of residual CH4 were nevertheless
found within the sealed core samples. Referring back to Fig. 1, the
data can thus be interpreted in two bounding scenarios: 1)
assuming the amount of CH4 lost during core retrieval was negli-
gible and any emissions typically measured at the mine face would
be captured in the present analysis, or 2) assuming the amount of
CH4 lost to the drilling mud and via the core end caps was signiﬁ-
cant and/or emissions at the mine face are sufﬁciently sporadic
such that the present analysis excludes amounts typically
measured at the mine face in normal operations. In the ﬁrst sce-
nario, the residual gas content of the sealed core sample tubes
represents the sum of the fugitive CH4 that might escape the
permeable surface of the mine quickly (and thus be captured by IFC
measurements) and the remaining fugitive CH4, which might only
escape during active mining, transport, ore preparation, and
bitumen extraction (i.e. all potential methane emissions from ac-
tivities 2e7 in Fig. 1). This ﬁrst scenario would also inherently as-
sume that any mine-face emissions speciﬁcally attributable to gas
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were negligible. In the second scenario, the residual gas content of
the sealed core sample tubes represents only the latter phase
emissions (i.e. fugitive CH4 that is initially trapped in the mined
material and is only released during material handling, transport,
ore preparation, and the bitumen extraction process e activities 3a
and 4e7 in Fig. 1). Thus for scenario 2, the value derived in the
current work would need to be added to an emissions factor
calculated via IFCmeasurements to produce a total emissions factor
per quantity of disturbed oil sands material. From the experience of
one of the authors in conducting IFC measurements in oil sands
mines, it is apparent that IFC-measured emissions tend to originate
from a very small number of locations, since most IFC measure-
ments show near zero emission ﬂuxes while a small number of “hot
spots” show ﬂuxes that are orders of magnitude greater. This
behaviour is also consistent with anecdotal reports from drill rig
operators indicating that methane “kicks” are occasionally
encountered during drilling, attributable to releases of small
pockets of methane from below the surface. Together, this anec-
dotal information could suggest that emissions at the mine face (as
measured via IFC) predominantly represent methane that is
sporadically released through cracks and ﬁssures and/or as new
material is exposed. The infrequent and irregular nature of these
emissions suggests that it is unlikely they would have been
encountered in the two test holes drilled for the current study, and
even if they were, it is also doubtful that this readily releasable
methane would be captured by the current core extraction process.
This potentially means that Scenario 2 is the more likely of the two.
Further experiments on a larger number of holes, as well as
pressure-core sampling techniques inwhich samples are effectively
sealed below the surface could address this question more
deﬁnitively.
Regardless, the current work has demonstrated that notable
quantities of methane can be measured in core samples obtained
using existing drilling technologies and that results can provide an
alternate means for deriving fugitive methane emissions factors
that might better capture fugitive emissions occurring in activities
away from the mine face. Though restricted to only two drilling
locations, the proof of concept results presented in this paper
suggest that residual gas correlations could be based on either mass
of mined material or mass of mined bitumen. Further sampling
would be required to explore the relative merits of each approach.
Measurements to better constrain the potential for gas emission
during core extraction would also be recommended, using alter-
nate drilling technology such as pressure-core drilling (ideal but
perhaps not practically achievable) or using second generation
instrumentation informed by the present results. Most importantly,
this work demonstrates the opportunity to glean new and impor-
tant insights by leveraging existing routine drilling operations that
occur during oil sands development. With slight modiﬁcation to
current core extraction procedures to include the installation of
sealed end caps, and inclusion of an off-site analysis of residual gas
content to complement currently performed bitumen analysis, it
may be possible to acquire signiﬁcant new emissions data in a cost-
effective manner.
5. Conclusions
The current work has demonstrated that non-negligible quan-
tities of residual methane are present in core samples obtained by
leveraging routine drilling technologies used during characteriza-
tion of future oil sands mine regions. Given the inherent challenges
in estimating fugitive emissions from oil sands mining, this new
approach offers an intriguing alternate method for quantiﬁcation
that in principle could be further extended with improvedmeasurements on mud tank degasser lines during drilling.
Following careful analysis of available extracted core samples, a
mean releasablemethane content was estimated to be 23.8mgCH4/
kg-core-sample (þ41%/35%) or 779 mgCH4/kg-bitumen (þ69%/
34%) at 95% conﬁdence. These new emission factors are of com-
parable order with the very limited estimates in the literature
based on isolation ﬂux chambermeasurements at the mine surface.
However, as discussed in two bounding scenarios, depending on
whether the residual methane in the extracted samples is thought
to include methane that escapes through the mine surface, or
whether it represents additional methane that is only released
during subsequent handling and processing, these emission factors
may need to be added to current estimates derived from isolation
ﬂux chamber measurements. On their own, if these factors are
applied to the volumes of bitumen mined in Alberta in 2015, they
imply fugitive methane emissions equivalent to 2.1 MtCO2e (as
correlated with bitumen content) or 1.4 MtCO2e (as correlated with
total mined material) evaluated on a 100-year time horizon. In
addition, the present results suggest an additional ~0.2 Mt of
fugitive CO2 emissions could also be expected.
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